Background. There are recognized needs to identify determinants of influenza vaccine effectiveness (VE), including the effect of repeated annual vaccination.
Questions have been raised about the value of influenza vaccines, in part because of recognized variation in vaccine effectiveness (VE) related to the age of the vaccine recipients and the strains circulating but also because of methodological considerations [1] [2] [3] . As a result, assessments of VE are conducted annually in many countries [4] [5] [6] [7] [8] [9] [10] . Most evaluations are observational but use laboratory-confirmed outcomes; many estimate VE in preventing medically attended influenza, and use the test-negative design [4] [5] [6] [7] [8] [9] . In the United States, multiple centers (ie, members of the US FLU VE Network) have collaborated annually since the 2008-2009 season to estimate VE in the healthcare setting with subject enrollment at the time of acute respiratory illness; similar studies have been conducted in Canada, Australia, and Europe [4] [5] [6] [7] [8] [9] . Generally, these studies have indicated moderate VE in prevention of medically attended influenza, with lower effectiveness against influenza A(H3N2) viruses, compared with A(H1N1) and type B strains, and variation in effectiveness by age category [4] [5] [6] [7] [8] [9] .
Beginning with the 2010-2011 season, a complementary study using an alternative design was conducted among households with children in Michigan. In this study, the cohort of households was defined in advance and followed through the influenza season [10] . This approach allowed examination of symptomatic influenza illnesses of any severity and assessments of VE in preventing community and, separately, household-acquired influenza. Results from our 2010-2011 household study indicated lower VE than demonstrated in studies performed in healthcare settings in the same season [5, 9] . We also unexpectedly found lower effectiveness point estimates with repeated vaccination and no evidence that vaccination prevented household transmission once influenza was introduced. Here, we extend our evaluation of VE in households during the 2012-2013 season, with inclusion of serologic assessments of preseason susceptibility to assist in explaining observations. This influenza season was characterized by an early start and long duration, with circulation of primarily influenza A(H3N2) and influenza B/Yamagata lineage; these circulating viruses were considered vaccine like [11] .
METHODS

Recruitment and Enrollment
Households were derived from persons who had selected a primary healthcare provider from the University of Michigan Health System in Ann Arbor [10] . Eligible households (shared residence) comprised at least 4 participating members, at least 2 of whom were children aged <18 years. At enrollment visits performed from June through September 2012, adult household members provided written informed consent for participation for themselves and their children, and children aged 7-17 years provided their oral assent. Demographic data were reported, and study access to health system medical records was granted. All study contacts with participants, including enrollment and illness visits, were performed at the research study site at the University of Michigan School of Public Health (UM-SPH). The study was approved by the institutional review board at the University of Michigan Medical School.
Influenza Surveillance and Laboratory Testing
Surveillance was performed from October 2012 through early May 2013. Households were instructed at enrollment and via weekly email reminders to report all acute respiratory illnesses in which ≥2 of the following symptoms were present: cough, fever or feverishness, nasal congestion, chills, headache, body aches, and/or sore throat. Subjects with eligible illnesses had a combined throat and nasal swab specimen (or, for children aged <3 years, a nasal swab specimen only) collected at an illness visit within 7 days of illness onset. Illnesses were followed for collection of data on whether the participant sought medical attention; healthcare contact for illness treatment was also documented, based on medical record review.
Respiratory tract specimens were tested for influenza virus by real-time reverse transcription polymerase chain reaction (RT-PCR) in the investigators' laboratory at the UM-SPH. The RT-PCR primers, probes, and testing protocol were developed and provided by the Influenza Division of the Centers for Disease Control and Prevention and designed for universal detection of influenza A and B viruses, subtype identification of influenza A viruses, and lineage determination of influenza B viruses.
Blood Specimen Collection and Serologic Assay
Blood specimens were collected from participants aged ≥13 years who volunteered to have a single tube of blood collected at up to 3 time points annually; specimens were collected at summer enrollment visits and at scheduled visits before (during late fall) and after (during spring) the influenza season. Sera from all collected specimens were tested with the hemagglutination inhibition (HAI) assay [12, 13] [14] . Sera were also tested with the neuraminidase inhibition (NAI) assay [15, 16] against the A(H3N2) vaccine strain; this assay used a reassortant influenza virus with a mismatched hemagglutinin (HA) protein (H6 subtype), to avoid interference by HA-specific antibodies. Serologic testing was performed in the investigators' laboratory at the UM-SPH. Preseason susceptibility to influenza was estimated using antibody titers determined by the HAI and NAI assays in sera collected at the late fall preseason visits (or at summer enrollment, for those subjects without late fall preseason specimens and no evidence of influenza vaccine receipt) [12, 13, 15, 16] . For vaccinated subjects, these susceptibility measures represented postvaccination titers.
Statistical Analyses
Households were characterized by size and composition, and subjects were characterized by demographic characteristics, high-risk health status, and influenza vaccination status. Health system medical records were reviewed to document the presence of health conditions considered high risk for complications of influenza [17] . Documentation of influenza vaccine receipt (both current and prior season) was based on evidence in medical records or the Michigan Care Improvement immunization registry. Associations of subject characteristics with vaccination status and influenza outcomes were examined and compared by χ 2 tests.
Cox proportional hazards models were used to estimate the effectiveness of receipt of at least 1 dose of influenza vaccine in preventing RT-PCR-confirmed influenza. Vaccination status was modeled as a time-varying covariate, with subjects considered vaccinated 14 days after vaccine receipt. VE was calculated as 100 × [1 − hazard ratio] and estimated in unadjusted and adjusted models; adjusted models included values for subject age and high-risk health status [10, 18] . We also estimated VE for each combination of current-season and prior-season vaccine exposure (ie, current only, both current and prior, and prior only), with subjects unvaccinated in both seasons as the reference group [6, 10, 19] .
Analyses estimated the VE in preventing all influenza and, separately, community-acquired influenza (household index cases), household-acquired influenza (secondary cases resulting from exposure to household index cases), and medically attended influenza. A secondary (household-acquired) case was defined by transmission link to an index case if both cases were due to the same influenza virus type/subtype/lineage and if illness onset in the secondary case occurred 1-7 days after illness onset in the index case. Overall and community VE were estimated by comparing the hazard of influenza among vaccinated and unvaccinated subjects; cases that were household acquired were censored at the time of illness onset for community estimates. Household VE was estimated by comparing the hazard of influenza among vaccinated and unvaccinated subjects exposed to a household index case. The VE in preventing medically attended influenza was estimated by comparing the hazard of this outcome among vaccinated and unvaccinated subjects; cases that were not medically attended were censored at illness onset. Only the first case of influenza was considered for individuals with multiple influenza outcomes; similarly, only influenza outcomes resulting from the first introduction of influenza to a household were considered. Additional analyses estimated the influenza virus type-specific VE for all influenza cases.
HAI and NAI antibody titers, representing preseason assessments of susceptibility to each virus tested, were calculated for each subject as the reciprocal (eg, 160) of the highest dilution of sera (eg, 1:160) that inhibited hemagglutination or neuraminidase activity. Titers below the lower limit of detection (ie, <10) were considered as half the lower limit (ie, 5); titers greater than the upper limit of detection (ie, >5120) were considered twice the upper limit (ie, 10 240). Log transformation was applied to all HAI and NAI titers, and the mean and standard deviation (SD) of the transformed values were calculated and then exponentiated to obtain the geometric mean and SD. Geometric mean titers (GMTs) were estimated for each combination of current-season and prior-season vaccine exposure (ie, current only, both current and prior, prior only, and neither current nor prior) and by joint vaccination and case status. GMTs were compared across these categories, using Wilcoxon rank sum tests. All statistical analyses were performed using SAS software (release 9.2; SAS Institute). A P value of <.05 or a positive lower bound of a confidence interval (CI) were considered to indicate statistical significance.
RESULTS
Characteristics of Households and Participants
A total of 1426 subjects from 321 households were enrolled in the 2012-2013 study year; 162 households (50%) had participated in previous years. Household size ranged from 4 to 10 members (mean [±SD], 4.4 ± 0.8 members). All households had at least 2 participating children, and 228 households (71%) had ≥1 child aged <9 years.
Participant characteristics, plus distributions of vaccination status and influenza outcomes, are presented in Table 1 . Approximately 10% of subjects had high-risk health conditions, and 845 subjects (59%) had documented evidence of influenza vaccine receipt for the 2012-2013 season. Among vaccinated subjects, 728 (86%) received an inactivated vaccine, and 116 (14%) received the live attenuated vaccine (96% of live vaccine analysis, for comparison of vaccinated subjects to unvaccinated subjects or subjects with laboratory-confirmed influenza to subjects without laboratory-confirmed influenza. d P < .05, by χ 2 analysis, for comparison of vaccinated subjects to unvaccinated subjects or subjects with laboratory-confirmed influenza to subjects without laboratory-confirmed influenza. e A total of 116 influenza cases were identified in 111 individuals. The characteristics of those individuals are presented here.
recipients were children aged <18 years). Vaccine coverage varied by age and race categories and was significantly higher in subjects with high-risk conditions. For the 2012-2013 influenza season, children aged <9 years were recommended to receive 1 dose of 2012-2013 vaccine if they had received at least 2 prior doses of vaccine since 1 July 2010; 2 doses of 2012-2013 vaccine were recommended otherwise [20] . These recommendations were used to classify study subjects <9 years of age Data are influenza positive, subjects, and proportion (%). a Six individuals with both influenza A(H3N2) and influenza B/Yamagata (1 with coinfection and 5 with separate infections) are counted in both columns.
b One individual with influenza B, for which the lineage could not be determined, is excluded. Vaccination status was modeled as time-varying covariate, with subjects considered vaccinated 14 days after vaccine receipt. To adjust for correlation of exposures and outcomes among subjects in the same household, robust variances for model parameter estimates were computed using sandwich estimators [17] . b Models adjusted for age in months (natural cubic spline) and documentation (present or absent) of high-risk health status in the medical record.
c Five subjects had separate influenza A and influenza B virus infections, and 1 subject had influenza A and B virus coinfection. Outcomes for these 6 individuals were considered in analyses of VE against both influenza A and influenza B virus infection, but only the first outcome was considered in analysis of VE against all influenza virus infections. d Eighty-five cases of influenza were defined as community acquired, but 3 cases are excluded here because they occurred in a subject with a prior case of community-acquired influenza. e Thirty-one cases of influenza were defined as household acquired, but 4 cases are excluded here because they occurred as a result of a second introduction of influenza (different type/subtype/lineage and/or >7 days from prior case) to a household. f Thirty-five influenza illnesses were medically attended, based on self-report or medical record documentation of healthcare contact for illness treatment, but 4 are excluded here because they occurred in a subject with a prior case of influenza.
as fully or partially vaccinated; 83% of vaccinated children <9 years of age were considered fully vaccinated.
Illness Surveillance and Influenza Outcomes
During surveillance, 695 subjects (49%) from 240 households (75%) reported 1227 acute respiratory illnesses, and 1133 specimens (92%) were collected. All illness specimens were tested for influenza virus by RT-PCR, and results for 116 (10%) were positive. Influenza virus types A and B circulated locally between mid-November 2012 and late April 2013, with type A predominating early and type B predominating late. Among the influenza cases, 65 (56%) were identified as influenza A(H3N2), 47 (41%) as influenza B, 3 (3%) as influenza A(H1N1)pdm09, and 1 (1%) as influenza A(H3N2)/influenza B coinfection; 37 (77%) of the influenza B cases were from the vaccine strain Yamagata lineage. Influenza was identified in 76 households (24%) and 111 individuals (8%), including 5 individuals with 2 separate infections. Influenza virus infection risks were significantly lower in vaccinated subjects, compared with unvaccinated subjects (6.0% vs 10.3%; P = .003). Infection risks in children aged <9 years and considered fully vaccinated (10.6%) did not significantly differ from the risk for those considered only partially vaccinated (5.7%), who tended to be older. Influenza A(H3N2) infection risks were similar across age groups, but risks for both influenza B lineages were 2-3 times greater in children aged <9 years, compared with older children and adults (Table 2) . Thirtyone influenza cases (27%) were considered household acquired, based on exposure to 85 index or coindex community-acquired infections. Thirty-five influenza illnesses (30%) were medically attended; the proportion of medically attended influenza illnesses was significantly higher for children, compared with adults (37% vs 17%; P = .02).
Determinants of Influenza VE
Influenza virus infection risks for vaccinated and unvaccinated subjects and results from unadjusted and adjusted VE models are presented in Table 3 . Risks for overall, community-acquired, household-acquired, and medically attended illnesses were 7.8%, 5.8%, 10.2%, and 2.2% (based on first illnesses and first household introductions only), respectively. Infection risks were highest in children aged <9 years and, with the exception of influenza B infection in young children, lower in vaccinated subjects.
Adjusted VE against all influenza outcomes was 32% (95% CI, −6% to 56%). VE point estimates indicated significant protection in adults (48%; 95% CI, 1%-72%), similar but nonsignificant protection in children 9-17 years (49%; CI, −16% to 78%), but no evidence of protection in children <9 years (−4%; 95% CI, −110% to 49%). In children aged <9 years and 9-17 years, VE estimates for inactivated and live attenuated vaccines were similar to overall estimates by age group and not statistically different (data not shown).
VE against influenza A outcomes (96% were influenza A[H3N2]) was 40% (95% CI, −4% to 65%); VE against influenza B outcomes was 7% (95% CI, −94% to 55%), with no evidence of VE against influenza B in children <9 years. Vaccine was 30% (95% CI, −9% to 55%) effective in preventing communityacquired influenza, 37% (95% CI, −73% to 77%) in preventing household-acquired influenza, and 43% (95% CI, −18% to 72%) in preventing medically attended influenza.
We also estimated overall VE for each combination of currentseason and prior-season vaccine exposure, using subjects who were unvaccinated in both seasons as the reference group [6, 10, 19] . Children aged <9 years were excluded here because definitions of fully vaccinated in the current season depended on prior vaccination in this age group. Results indicated the lowest infection risk and highest VE point estimate for the relatively few subjects vaccinated in the current year only (88%; 95% CI, 7%-98%), with higher infection risks and lower but still significant VE for the larger number of subjects vaccinated in both the current and prior year (47%; 95% CI, 11%-69%; Table 4 ).
Serologic Assessments
HAI antibody titers measured in sera collected from 504 subjects (66% of all subjects aged ≥13 years) were used to estimate preseason susceptibility to the 3 vaccine strains plus the alternate influenza B lineage; NAI antibody titers for the same subjects targeted the influenza A(H3N2) vaccine strain only. Figure 1 presents the distributions of titers against each influenza virus strain, based on Antibody titers measured by HAI and NAI assays in sera collected from a subset of subjects aged ≥13 years at preseason visits (or at enrollment, for subjects without preseason specimens and no evidence of each combination of current-season and prior-season vaccine exposure, with GMTs and SDs denoted by linked lines. Results indicated significantly higher HAI GMTs for subjects with each vaccine exposure, compared with GMTs for subjects unvaccinated in both years against each influenza virus strain. HAI GMTs to both the vaccine and alternative-lineage influenza B strains were similarly high (>80) and not statistically different for each vaccine exposure; the highest GMTs were estimated for those subjects vaccinated both years. In contrast, HAI GMTs against the influenza A(H3N2) and influenza A(H1N1)pdm09 strains were lower overall (≤80), with slightly higher GMTs for subjects vaccinated in the current season only, compared with subjects vaccinated both years, and significantly higher GMTs for influenza A(H3N2) (P = .03). NAI GMTs against the influenza A(H3N2) target were lower (<40) than the corresponding HAI GMTs but also suggested a slightly higher GMT for individuals vaccinated in the current season only, compared with individuals vaccinated both years (P = .12). Figure 2 presents HAI and NAI susceptibility titers for vaccinated and unvaccinated subjects who ultimately were influenza cases or noncases, based on virus identification by RT-PCR. Thirty-four influenza cases (31% of 111 persons with influenza) had susceptibility assessments. Influenza A(H3N2) and influenza B/Yamagata cases had significantly lower HAI and NAI GMTs than noncases overall, indicating greater susceptibility. This pattern was consistent, although not statistically significant, when stratified by vaccination status.
DISCUSSION
During the 2012-2013 season, we observed substantial circulation of influenza A(H3N2) and influenza B viruses in a highly vaccinated population of households with children. VE point estimates indicated significant protection, near 50%, in adults (90% were <50 years of age), similar but nonsignificant protection in children aged 9-17 years, but no evidence of effectiveness in children aged <9 years; VE was especially poor in young children (mean age, 5.0 years; median age, 5.3 years) against influenza B. Findings from this season extend those previously reported for the 2010-2011 season [10] . In that season, we observed lower VE than demonstrated in studies performed in healthcare settings in the same season, an apparent negative effect of prior vaccination on current-season VE estimates, and no evidence that vaccination prevented household transmission once influenza was introduced [10] .
The observed effect of lower VE point estimates with repeated vaccination was demonstrated subsequently in the US Flu VE Network in the 2011-2012 season, in a similar study performed in Australia, and now in the current household study (during the 2012-2013 season) [6, 19] . To explain this observation, serologic specimens were collected from a subset of older children and adults to estimate preseason susceptibility to influenza. Preseason HAI and NAI antibody titers against influenza A(H3N2) were consistent with the observed patterns of VE for each combination of current-season and prior-season vaccination status, with significantly higher GMTs observed for those vaccinated in the current year only. The situation was different for influenza B, where observed GMTs were slightly but not significantly higher for subjects vaccinated in both years, compared with those vaccinated in the current year only. Residual protection for those vaccinated in the prior season only was indicated in both serologic and VE results.
These observations are consistent with 2 mechanisms by which past vaccination may reduce current-season VE. The first supports the hypothesis that a small or no change in strains included in the vaccine from year to year may reduce antibody response and, possibly, VE [21] [22] [23] [24] . The influenza B vaccine strain in 2012-2013 had switched lineages from B Victoria to B Yamagata, while the A(H3N2) vaccine strain was updated, owing to evidence of antigenic drift in circulating viruses [14] . The second is that inclusion of subjects in the unvaccinated comparison group who were vaccinated in the prior season reduces overall estimates of current-season VE, owing to residual immunity. Confirmatory studies of the effects of longer-term vaccination and infection histories and their methodological implications are warranted. Serologic studies were not performed on young children and, as such, offer no explanation for the poor vaccine performance demonstrated in that age group. Low VE and poor serologic responses with nonadjuvanted vaccine were demonstrated in a recent clinical trial of children aged <6 years [25] . Our results support the recommendation for annual vaccination, given current vaccine options, because those who were unvaccinated in the current year appear to be at greater risk, when considering both VE and serologic evidence.
In the 2012-2013 season, we again observed lower overall VE point estimates, compared with VE estimates, in preventing All vaccination groups (both years, current only, and prior only) had significantly higher GMTs (P < .001) than those unvaccinated both years for all antigens; f GMTs were significantly higher (P = .03) among those vaccinated in the current year only, compared with those vaccinated both years for the H3 antigen but not for the other antigens. medically attended influenza from the US Flu VE Network (32% vs 56%) [26] ; our estimates for prevention of medically attended influenza were slightly higher (43%) than those for prevention of all influenza. Data from a recent clinical trial suggested that the influenza vaccine is more efficacious in preventing severe than mild illness [27] . Given that prior vaccination appears to modify Influenza A(H3N2) cases had significantly lower geometric mean HAI and NAI titers than noncases overall (P = .02 and P = .02, respectively); this pattern was consistent for both vaccinated subjects (P = .06 and P = .09, respectively) and unvaccinated subjects (P = .17 and P = .07, respectively); f Influenza B/Yamagata cases had significantly lower geometric mean HAI titers than noncases overall (P = .01); this pattern was consistent for both vaccinated subjects (P = .13) and unvaccinated subjects (P = .11).
VE both in terms of residual protection and reduced vaccine response, differing patterns of vaccination coverage and history in the 2 study populations may also have contributed to differences in VE. Instability of VE estimates due to the relatively small sample size of our cohort may also explain some of the differences; based on our sample size, vaccine coverage, and influenza virus infection risk, we had 80% power to estimate significant overall VE as low as 42% and less power for stratified estimates.
As demonstrated previously in the 2010-2011 household study [10] , infection risks in the current season were higher in the household than in the community, but in contrast to the 2010-2011 season, VE estimates for prevention of householdacquired and community-acquired influenza were similar. In the 2010-2011 season, adults were at particular risk of household-acquired influenza despite vaccination, and we speculated that this excess risk may have been a consequence of providing care for individuals with illness [10] . Those results were not confirmed in the current season; while household secondary infection risks remained high in adults, poor vaccine performance was limited to children aged <9 years.
A particular strength of the longitudinal design of the household study is the ability to allow vaccination status in models estimating VE to vary with time. In seasons when subjects continue to be vaccinated after the start of influenza virus circulation, effectiveness estimates can be biased upward; an extreme example of this was seen during the 2009 pandemic, when vaccine became available in most of the United States after the outbreak [4] . In the current study, nearly one third of those vaccinated received vaccine after the first case of influenza was identified. As a result, comparison of the infection risks for vaccinated and unvaccinated subjects would suggest higher VE than that estimated by the models (Table 3 ). This adjustment is more difficult in test-negative design studies, in which the relationship between calendar time, vaccination, and infection must be explicitly defined and modeled [2, 3] .
Household cohort studies can make a significant contribution to annual VE evaluations. They are less susceptible to selection bias, because of enrollment before infection; they can evaluate VE in preventing influenza illnesses of any severity; and they can make use of longitudinal data on vaccination and infection histories if households are followed for >1 season. However, they are logistically challenging to organize and sustain, and sample size can be an issue. This problem can be at least partially addressed by recruiting a larger cohort; this strategy is easily justified by the added information provided.
